Introduction
The interest in utilizing solid oxide cells for electrolysis purpose has increased during the last decade (1) . In the electrolysis process electrical energy is converted into chemical energy that can be stored as H2 or in the case of co-electrolysis of steam and CO2 as synthesis gas (CO/ H2-mixture) (2, 3) . This option is attractive in energy scenarios where non-programmable energy sources, such as wind and solar, are dominant sources of electricity. The need to demonstrate long-term durability is one of the critical issues currently limiting the introduction of the technology. 5-10 years of operational life is required to make the technology competitive (4, 5) . In addition, high current density during SOECs operation is of importance to improve overall process economy.
The operating temperature of solid oxide cells (SOCs) is around 700-850°C. One and the same cell can be operated in both fuel cell mode and electrolysis mode. This is an attractive characteristic of the technology as it increases the number of hours where operation of the SOEC/SOFC-plant is economically attractive in an energy system dominated by fluctuating production. To increase the penetration of intermittent energy sources (e.g. wind and solar power) cost and efficiency of the electrical energy storage (EES) are key points. When an electricity overproduction takes place, the surplus can be converted to fuel (hydrogen or hydrocarbons), which can be applied in the transport sector or stored and used later when demand for electricity increases (6, 7) .
The SOEC cell performance is strongly affected by materials and operating conditions. Ni-YSZ cermets are extensively used for SOC fuel electrode and to improve electrode performance and durability an understanding of the microstructural changes occurring in these under specific operating conditions is of fundamental importance. To correlate any observed electrical degradation with associated microstructural changes a full microstructural characterization of the three main components (Ni, YSZ and pores) is required.
Coarsening of the Ni particles in the Ni-YSZ composite electrodes in solid oxide fuel cells is considered one of the main causes of fuel electrode degradation (8, 9) . This process occurs when Ni particles are agglomerating during the operation. Several studies have been carried out to explain and model the process (8, 9) . The changes in the Niphase in Ni-YSZ composite electrodes have been described with simplified Fick´s law type descriptions (8, 9) . The differences in surface energy are considered the driving force behind the coarsening and surface diffusion is dominating the transport (8, 9) . Smaller Ni particles are incorporated by the bigger ones leading to an overall reduction in the number of particles and an increase in the size of single particles. Several studies have established that Ni-coarsening is a main contributing factor to the "fast initial" electrical degradation often observed over the first 1000-4000 hours of cell test (time scale depends on temperature and polarization) (8, 9) .
Numerous studies have been carried out on microstructural characterization of Ni-YSZ electrodes, but most of these have focused on degradation in fuel cell mode. In (10) Thydén et al. address the problem of lacking contrast between Ni and YSZ at SEM acceleration voltages in the 10-20 keV range. They analyzed a non-coated sample by combining low-voltage images recorded with field emission SEM (FE-SEM) secondary electron detector and an in-lens detector. The developed methodology allows clear identification of percolating Ni versus non-percolating Ni, the YSZ phase and the pores. This imaging technique was adopted by Hauch et al. in (11) , where the effects of different sintering temperatures on the SOFC anode were analyzed in terms of phase fraction and particle intercept length. Low voltage in-lens and backscattered SEM images were used for the analysis proposed by Mogensen et al. in (12) on Ni-particles shape and Ni migration in the pH2O gradient established during polarization. The structure both at fuel inlet and outlet was investigated.
In order to reconstruct a 3D volume of a Ni/YSZ electrode, the FIB-SEM technique has been used extensively (13, 14, 15) . Particular attention has been given to the continuous particle size distribution (16) and the triple phase boundary (TPB) in terms of length, tortuosity and "critical pathways" (13) . A microstructural analysis of SOECs tested up to 1500 h through image analysis and 1D mean intercept length (MIL) measurements has been presented in (17) and (18) .
Compared to the previously mentioned works, this study focuses on the active fuel electrode of a solid electrolysis cell after 9000 h of operation in a stack. The quantification of microstructural changes in a SOEC stack after such long operation time is new. In addition, image analyses on micrographs obtained with an energy selective backscattered (ESB) detector was carried out. The microscope settings with low voltage (2.5 kV) and high current (20 nA) provide good contrast between the three phases of interest (i.e. Ni, YSZ and pore) and less image artefacts. The technique allows a quantitative microstructural analysis. 1D MIL ("mean intercept length") measurements were performed on the images and the phase fraction of the three phases was determined through these measurements. Moreover, a semi-automated segmentation process was applied to reduce the uncertainty of segmentation in the presence of image artefacts.
Nevertheless, parameters such as particle size and information on TPB percolation cannot be obtained through this analysis without assumptions. Also, a more elaborate 3D reconstruction analysis was carried out based on the 570 FIB-SEM sections obtained. This provides information on particle size distribution (PSD) and pathway connectivity in each phase and importantly does not require any assumptions on particle shape to be made.
Experimental and Methodology
An SOEC stack, with 25 identical cells of 87.7 cm 2 active area stacked with coated Crofer interconnects was analyzed. The stack was produced by Topsoe Fuel Cell A/S. The cells are of the fuel electrode supported type with a Ni-YSZ support layer and fuel electrode, a YSZ electrolyte, and a LSCF-CGO (LSCF: (La,Sr)(Co,Fe)O3-δ, CGO:(Ce,Gd)O2) oxygen electrode. There is a CGO barrier layer between the electrolyte and the oxygen electrode (19) .
h Stack Test
The 9000 h stack test was performed at European Institute for Energy Research (EIFER) and has been described in (19) . The stack temperature during the test was recorded by 4 thermocouples: two placed on the gas inlet side and other two on the gas outlet side. The temperature is calculated by evaluating the mean value between the four temperature measurements. The temperature set up was periodically regulated in order to keep an average value of 750°C during the entire test (19) .
With the aim of keeping the steam conversion constant and equal to 50% any increase in current was combined with a steam flow increase. Air flow was kept constant during the test and equal to 28 Nl/min. An evaporation unit (FuelCon) was used for steam production. Before feeding the steam into the cell it was mixed with hydrogen (90% steam/10% Hydrogen). The first 2175 hours of test were performed with a current density of -0.57 A/cm 2 and a hydrogen flow of 1.95 Nl/min. For the following 4785 hours the stack was operated at -0.72 A/cm 2 . Then a DC power supply breakdown occurred; the test was re-started for 350 hours at -0.57 A/cm 2 and then brought again at -0.72 A/cm 2 for the rest of the test. More details about the test and stack performance during operation can be found in (19) .
1D Analysis
After the test, the stack was embedded in epoxy and split in two. The lower part (from cell 11 to cell 25) was further cut and six samples of interest were obtained as shown in Both fuel inlet and outlet sites (i.e. A2 and C2 cross sections) were investigated in the 1D analysis of the fuel electrode. Four locations of interest were analyzed, two on each of the samples: 1) directly under the contact point between the cell and the IC, and 2) at the middle of a gas channel. The area in which the cell is directly in contact with the IC is of particular interest because this is where the local current density is expected to be the highest. Due to several sample preparation processes carried out on the stack and with the aim of analyzing the same cell on both inlet and outlet side, cell number 17 th , counting from the top of the stack, has been chosen for this study. For comparison, also a "reference cell" (i.e. a cell from the same production batch but not long term tested) was analyzed. The reference cell was reduced at 1000°C for 2 hours in moisturized 9% H2 in N2 with ~ 4% of steam.
Due to the close backscatter coefficients of Ni and YSZ at 10-20 kV (10) acceleration voltage, the contrast between the two phases is too low to perform a high-quality automated segmentation for further analysis (13, 20, 21) . Moreover, the pore size tends to be underestimated at high accelerating voltage due to a high penetration depth that results in a signal being obtained from solid structures beneath the thin layer of epoxy resin. The use of an ESB detector at low voltage and high current (2.5 kV and 20 nA, respectively) on the other hand provides good information on the sample structure. The working distance used was 3.9 mm and a value of 1.5 kV was set for the filtering grid that prevents the detection of secondary electrons. This result in high contrast enabling the three phases to be distinguished and a semi-automated segmentation can be performed.
ESB detector images, like the one shown in Figure 2a ) for the reference cell, were recorded along the electrolyte with a short distance between images using a Zeiss Merlin microscope. The overall length covered and used for this analysis is ~ 300 µm per sample.
The active electrode thickness is ~ 10 µm. In order to investigate the microstructure inside the active fuel/steam electrode, the analysis was done in the central 8 µm of the electrode (i.e. starting from ~ 1 µm away from the electrolyte into the fuel electrode and terminating ~ 1 µm before reaching the support layer). 10 lines with a spacing of ~ 0.8 µm were drawn in the eight µm of interest in order to perform the segmentation. In this analysis all the particles crossed by each line are included even if more lines cross the same particle in different points.
The good contrast obtained by this microscope methodology allows processing the micrographs with the "ManSeg" software (22) . Based on regional intensity along a line on the image, the program computes the intensity gradient and suggests phase interface locations at locations of local gradient maxima. The decision to classify a location as an interface is performed manually. This technique is less prone to image artefacts than an automated segmentation approach and avoids human bias by only allowing interface locations at local maxima in the intensity gradient. More than 1000 particles were included in the analysis in order to reduce the confidence intervals and obtain smoother distributions (i.e. either Ni, YSZ or pores). Data obtained are the lengths of the particles of each phase, which can be post-processed in order to evaluate the phase fractions (Equation 1) and the mean intercept length (Equation 2) of each phase PFi = (overall length phase)i/(∑i(overall length phase)i)
[1]
Where the subscript i is the i th phase (Ni, YSZ and pores), k is the total amount of segments recorded for the phase i and lk is the length of the k th segment. The ease of this 1D analysis from 2D micrograph data allows investigations at different locations of interest. The standard deviation (std) of the MIL data for each phase was estimated through the "bootstrapping" statistical method (23) . In order to investigate more complex aspects of the microstructural changes a 3D microstructural characterization of the most relevant regions was also performed.
3D Analysis
3D image data were collected by FIB serial sectioning with a Zeiss XB1540 Crossbeam microscope on the reference cell and on one location of interest in the tested cell (i.e. inlet side directly under the IC contact point with the cell). The acquisition of inlens (located in the beam path) and SE2 (Everhart-Thornley) detector images was performed simultaneously with a voxel resolution of 25 x 25 x 35.6 nm 3 . A sub-volume of 501 x 321 x 570 pixels (12.5 x 8 x 20 µm 3 ) was selected from each dataset starting from ~ 1 µm away from the electrolyte and extending into the electrode parallel to the electrolyte. The slice direction was along the electrolyte as described in (13) . In-lens and SE2 images were used together for the segmentation of the two datasets acquired. The two volumes, having the same size and placed in the same location with respect to the electrolyte, were then processed and segmented using the method described in (13) . This technique is much more time consuming than the 1D analysis and for this reason the number of sites that can be analyzed in practice is limited. However, once the segmented 3D data are obtained, the same line intercept measurement performed on the low voltage SEM images can be automatically performed and the results can be compared with those obtained by the semi-automated/manual 1D segmentation performed on the 2D data.
The particle size distribution (16) was used to quantify the distribution of particle sizes in each phase. This method calculates the distribution of the largest spheres that can fit inside each part of a structure. The spheres used for the PSD computation are evaluated for each of the 2D section composing the FIB serial sections: the largest circle that fits the particle in the 2D section is "extended" to a 3D sphere. The TPB critical pathway diameter (13) was used to analyze the bottlenecks of the transport pathways through each phase. The analysis was performed from all 6 directions (i.e. X, Y and Z in both ways).
Results and Discussion

Results of 1D Measurements
The cell under analysis has been manufactured starting from a Ni/YSZ ratio of 40/60 vol%, the minimum porosity estimated for this composition is ~ 22% in agreement with the results of the analysis performed. The phase fractions and the MIL for each phase in all the investigated sections are presented in Table I , where A2 and C2 denote inlet and outlet with respect to fuel flow and IC and GC indicate the contact point with the IC and the gas channel, respectively. The MIL value is expressed as mean and standard deviation obtained with the bootstrapping statistical method (23) . The biggest difference is observed between the reference cell and the location at the contact point with the IC in the tested cell. The biggest microstructural difference is here intended as the changes in Ni phase fraction and particles MIL obtained through the analysis of 2D SEM micrographs. Figure 2 shows two micrographs and relative phase fraction and MIL quantification for these two extreme cases. The results from the 1D analysis have been analyzed also in terms of particle size distributions based on intercept length measurements, the bin size in the histograms was chosen to be 40 nm and a smoothing average filter over 12 bins was applied. The results of the analysis normalized with respect to the bin size are shown in Figure 3 . 
Results of 3D Measurements
As observed in Figure 3 , the most evident difference in the results is between the reference cell and the location under the IC at the inlet side of the tested cell. For this reason those two points were selected for a 3D reconstruction by FIB serial sectioning. A surface rendering of the two segmented volumes is illustrated in Figure 4 . In this figure the electrolyte is located above both volumes as indicated. Table II shows phase fractions as well as total and percolating TPB density calculated on the segmented volumes. The results are obtained as the average of TPB length measurements computed for the 6 directions of the volume. The results of the continuous particle size distributions and the TPB critical pathway diameter are shown in Figure 5 . The calculation of the TPB critical pathways radius is described in (13) . This parameter gives information on the dimensions of the network structure of the TPB by calculating the radius of the largest particles that can pass through the network structure to a TPB site. The TPB critical pathway results are averages of the results from the 6 directions of the volume. It is expected that the YSZ PSD is not strongly affected by the testing and provides the backbone inside which Ni coarsens. This behavior is well reproduced by the method implemented here to evaluate the PSD as shown in Figure 5 . The same 1D line intercept analysis performed on the SEM with a low voltage ESB detector was done on some slices of the segmented volumes. The length covered in the 1D analysis performed on the 3D data was almost the same as the 1D analysis performed on the SEM micrographs (~ 300 µm vs ~ 340 µm). More than 1000 particles of either Ni, YSZ or pores were crossed to obtain robust statistics. Phase fractions and MILs for each of the three phases in each sample were analyzed. Results are summarized in Table III. For what concerns the 3D segmented volumes, the 1D measurements are recorded in 2 different directions (vertical ~ 8 µm and horizontal ~ 20 µm direction in Figure 4) . Concerning the phase fraction an additional investigation was performed by evaluating the phase fractions as a function of the distance from the electrolyte. The results are illustrated in Figure 6 . In this figure the electrolyte is located on the left side of each graph in correspondence to a YSZ phase fraction of 100% and the total distance taken into account is approx. In Figure 6 , the area of interest for the investigation performed is characterized by a lowering of Ni content and an increase in porosity after the testing while the YSZ is not substantially affected by the operation. Opposite trends for Ni and pores are observed by going deeper into the support layer, i.e. the Ni content is increased and the porosity decreased.
The phase fraction evaluation was performed through three different approaches: line intercept on SEM images (polished cross section), segmentation of FIB serial sectioning and finally by line intercept measurements on the segmented volumes. The three methods show some difference in the phase fraction quantification but the trends between the reference and tested cell are consistent between the three methods: A general decrease in Ni content in the inner ~ 20 m of the electrode on the tested cell compared to the reference one is observed. This is particularly evident by the 1D measurements reported in Table I (34% of Ni in the reference cell and 29% in the tested one) and Table III (30% of Ni in the reference cell and 23% in the tested one). More attenuated changes are observed in the 3D analysis as summarized in Table II : 29% in the reference cell versus 24% in the tested one. Uncertainty on the calculation of the phase fraction can be due to several factors: intrinsic differences of the methods applied, human bias in the segmentation process performed on the data. In order to compare the continuous PSD computed on the 3D segmented volumes and the 1D line intercept measurements, the 3D PSD is plotted in Figure 7 together with the equivalent sphere volume coverage computed with 1D measurements. The volume coverage based on 1D measurements is calculated by considering the diameter of each sphere equals to the measured intercept length of the relative particle. Each distribution is normalized to sum to 100 % for each phase. Results in Figure 7 refer both to 1D measurements recorded on low voltage SEM images and on 1D measurements on slices of the 3D segmented volumes. . 1D and 3D ). The issue of relating the line intercept length with a PSDs is illustrated here by interpreting this value as the particle diameter. Large values of intercept length result in big volumes covered by single particles without taking into account the effective tube-like shape of them. In some of the graphs in Figure 7 the rare large values are excluded to make the comparison between reference and tested cell more understandable.
Electrode Microstructural Changes During Operation
Both the 1D measurements and those derived from 3D analyses highlight the same qualitative trends in terms of phase fractions and particles size distribution in the active fuel electrode. The unexpected significant differences recorded for YSZ phase fraction in Table I can be due to a significant uncertainty in this quantification. The results obtained by 3D analysis in Table II well represent the expected phase fraction changes after the long-term operation of the cell. In fact, it is expected that the YSZ structure does not change significantly over time and for this reason also the YSZ content should be almost constant after long-term testing. By considering the Ni migration phenomenon and that the YSZ structure and volume is stable in the electrode, the porosity in the tested cell is expected to increase as a consequence. Data in Table II well represents these expectations: While the YSZ content is almost unvaried between the reference (46%) and the tested cell (47%) and Ni content is decreased in the active fuel electrode from 29% (reference cell) to 24% (tested cell), the porosity increases. The path and transport mechanism for the Ni migration is still not unambiguously determined, a hypothesis on the process has been presented in (12) , where a loss on Ni in the layer closes to the electrolyte was observed and explained through Ni migration via Ni(OH)x complexes. Also in the present case local differences are observed for the four regions analyzed. The most significant change is recorded in the A2IC location, where there is a high electrochemical activity and consequently significant gradients in the gas-phase exist.
On the local scale of the two datasets obtained by 3D reconstructions, Figure 6a ) is helpful in order to understand the migration of Ni away from the electrode layer closest to the electrolyte. Ni is significantly reduced after the testing in the ~ 10 µm active fuel electrode, where the region is marked by dashed lines in the graphs of Figure 6 . Figure  6b ) confirms the previous data proving that the YSZ percentage in the two volumes analyzed is stable and not significantly affected by the long term testing. As a consequence the pore fraction shows an opposite trend with respect to the one of the Ni, Figure 6c ).
During the long term testing the Ni particle size shows a significant increase as illustrated in Figure 3a) , Figure 5a ) and Figure 7a ) and b). In particular, both Figure 3a) and Figure 5a) show a clear shift of intercept lengths and continuous PSD towards higher values, respectively. Moreover, the peaks show an enlargement: while the intercept length peak shifts from ~ 0.6 µm to ~ 0.7-1.1 µm in the tested one, the shift observed in the continuous PSD is from ~ 0.4 µm to ~ 0.6-0.8 µm, the discrepancy between 1D and 3D measurements is further described in the next paragraph. The reported shifts illustrate that the rate of the Ni coarsening process (8, 24 ) is significant under conditions here applied. The average size of the pores increases during operation primarily as a consequence of Ni-redistribution. The YSZ structure does not change significantly over the test period. Both of these effects are illustrated in Figure 3 and Figure 5a ). For the YSZ the differences between the reference and the tested cell are in-significant compared to the uncertainty. Changes on line intercept measurements in the pores are also observed, with a reduction of the peak height in correspondence of ~ 0.5 µm and an increase in the number of pores with a length intercept in the range of ~ 1-2 µm.
The electrode performance of a Ni-YSZ electrode is strongly affected by the accessible TPB. The electrochemical reactions take place only at the percolating TPBs sites where the three phases Ni, YSZ and pores can carry/conduct the reactants (electrons, oxide ions and steam, respectively). The TPB length is reduced from 2.4 µm/µm 3 in the reference cell to 1.4 µm/µm 3 in the tested one. Considering the percolating TPB only the reduction is from ~ 2 µm/µm 3 in the reference to ~ 0.76 µm/µm 3 in the tested electrode. This microstructural change most likely contributes to observed degradation in electrical performance over the test (19) . Figure 5b) shows the critical pathways radius analysis of the reference and tested cell. Not many studies on tested SOEC report estimations of TPBs density, in particular for long-term testing. In (25) a SOEC tested for ~ 1300 h is analyzed (more details on the cell test can be found in (26) ), the total amount of TPBs is reported to be 1.61 µm/µm 3 and only 1.30 µm/µm 3 are percolating. More data can be found in the literature for SOFC, since the initial structure (i.e. the one of the reference cell) is similar for SOFC and SOEC after the reduction of the NiO, a comparison with other non-tested cell can be performed. In (13) a TPBs study of 2 SOFCs reduced at different temperatures was performed: 4.5 µm/µm 3 and 4.7 µm/µm 3 total TPBs, and 3.5 µm/µm 3 and 3.9 µm/µm 3 percolating TPBs were found for cells reduce at 1000°C and 840°C, respectively. The figure shows that 90% of the TPBs are percolating through the Ni phase for the reference cell while only ~ 50% after long-term testing. This demonstrates that changes in the Ni phase is the main contributor to the reduction in percolating TPB length. A comparison between the two cells can be performed by assuming, for instance, that a high performing (low resistance) Ni network requires that Ni particles are networking with a radius of at least 200 nm. In the reference cell ~ 85% of the TPBs reached via such a Ni network will be available for reaction while in the inlet part of the long-term tested cell it amounts to only 50%. It means that not only has the cell lost percolating TPBs in the 9 kh testing but the "quality" of the network to the TPBs has also changed significantly.
1D and 3D Results
The Ni and YSZ 3D network structure inside a SOC can be considered "tube-like"; composed by overlapping spheres of different diameters. It is challenging to apply the principle of a particle size distribution to this type of structure, as it is not trivial what constitutes a particle and how the size is defined. The line intercepts (1D) and the continuous PSD (3D) are very similar in how they define the size. The continuous PSD measures the size of the largest sphere that can fit completely inside a given structure and the line intercept measures the size of the largest line segment (1D generalization of a sphere). The differences between the two methods arise from the number of constraining dimensions. The continuous PSD is constrained in all three dimensions and the line intercept length is only constrained in one dimension. In particular, for cylinder structures this means that the line intercept measurements will sometimes be made along the length of the cylinder, while the continuous PSD is constrained by the diameter of the tube and thus always measures the diameter. The line intercept measurements are thus for a given structure, where some of the particles are tube like or elongated expected to result in larger apparent diameters than the continuous PSD, well in line with what we find here. The algorithm of how to derive a PSD from data of a segmented structure is described in (16) .
In Figure 3 , line intercept data are presented in terms of frequency while in Figure 7 the volume coverage of equivalent spheres with a certain radius is illustrated to be comparable to the continuous PSD. It is evident that the continuous PSD and the line intercept results are not directly comparable due to the differences in the constraint of the measurements. The 1D results are significantly shifted towards larger measurements due to some measurements being made along the length of cylinder like structures rather than across (as discussed above). However, the line intercept measurements made from the polished cross sections and from the segmented 3D data show similar distributions. Some differences are still observed especially for the left tail of the distributions where fewer small particles are observed for the 1D on low voltage SEM images compared to the 1D from the segmented 3D volume. This is most likely due to the increased accuracy that can be obtained through automated segmentation implemented for the volumes rather than the semi-automated process applied on the polished low voltage SEM micrographs. The different polishing methods (mechanical vs. FIB milling) can also introduce minor systematic differences due to uneven polishing depth in different phases and mechanical removal of small particles near the surface during polishing.
The continuous PSD can be automatically computed on 3D segmented volumes and provides additional information about the connectivity of the phase networks (e.g. percolated TPB). Nevertheless, the image data used to perform the 1D measurements are significantly faster to collect than the 3D data and can quickly be made across a large area of the cell. The combination of the two methods (both 3D and 1D) has several benefits. 1) It allows the formation of a link between the local 3D and non-local 2D data by comparing 1D measurements and thus test the assumption of non-local microstructure homogeneity for the 3D analysis.
2) It forms a link between the basic information obtained from the 1D measurements and the more detailed information obtained through the 3D measurements.
3) It provides validation and a sanity check of both methods by comparing the same measurement performed on data collected by different methods.
Conclusions
A detailed 1D and 3D microstructural characterization of an SOEC electrode before and after 9000 hours of operation in a stack is presented in this work. The Ni phase shows significant differences between the reference and tested cell in terms of phase fraction and particles size in the active electrode. 29% of Ni was observed in the reference cell with 3D measurements and a total content of 24% was recorded after the testing with the same analysis technique. Concerning the particle size, the MIL increased from ~ 1 µm to ~ 1.45 µm, as determined through a 1D analysis, while the peak in the particles radius calculated by the continuous PSD method on the 3D data shifted from ~ 400 nm to ~ 600 nm. A reduction in TPB percolation through the Ni phase in the tested cell compared to the reference cell confirms that the cell microstructure is degraded by the 9000 h of operation. The discrepancy between the measures deduced from the local 3D data and the 1D analyses are due to the differences in number of constraining parameters used in the two analysis methods. The study provides a relation between information gained from the different approaches (1D versus 3D) and a validation of both the methods. The 3D data allows an accurate analysis of a local volume (e.g. yielding both PSD and information about total TPB and fraction of percolating TPB) but the data is time consuming to obtain and analyze.
